Purpose: To investigate whether exposure to pulse modulated radiofrequency (PM RF) influences human cognitive performance, and whether it does so in a dose-dependent manner. Materials and methods: Thirtysix healthy adults participated in a randomized, double-blind, counterbalanced provocation study. Cognitive performance was assessed using a visual discrimination task and a modified Sternberg working memory task, which were calibrated to individual performance levels in a preliminary testing session. An sXh920 planar exposure system was used to generate a 920 MHz GSM-like signal, providing three conditions (peak-spatial SAR averaged over 10 g) of 0 W/kg (sham), 1 W/kg (low RF) and 2 W/kg (high RF). Results: A significant decrease in reaction time (RT) in the Sternberg working memory task was found during exposure compared to sham. This effect was not dose-dependent. Conclusions: Cognitive performance was shown to be faster under PM RF conditions, relative to sham, in a working memory task. While the majority of the literature has not found effects of PM RF exposure on cognitive performance, it is possible that the methodological improvements employed in the present study increased sensitivity, and thus the ability to detect potential effects. influences human cognitive performance, and whether it does so in a dose dependent manner.
Introduction
Over the past two decades, the increasingly widespread use of mobile phones has generated growing concern about potential adverse effects that the radiofrequency electromagnetic fields (RF-EMF) emitted by these devices could have on human health. While a number of independent reviews have concluded that there are no substantiated health effects associated with exposure to mobile phone RF-EMF (World Health Organisation, 2014 , Health Canada, 2015 , SCENIHR, 2009 , Health Council of the Netherlands, 2009), there is evidence which indicates that exposure can influence the brain's electrical activity. Specifically, it has been consistently shown that pulse modulated RF (PM RF) affects spontaneous resting alpha (8) (9) (10) (11) (12) Hz) , Croft et al., 2010 , Leung et al., 2011 , Perentos et al., 2007 , Regel et al., 2007a , Curcio et al., 2005 and sleep spindle activity (approximately 11-15 Hz) in nonrapid eye movement sleep (Huber et al., 2002 , Regel et al., 2007b , Schmid et al., 2012 , Loughran et al., 2005 , Huber et al., 2000 .
However, the functional consequence of this change in EEG activity remains unclear, as studies assessing aspects of cognitive and behavioural functioning during and following exposure to PM RF have produced contradictory, but mostly null results (Barth et al., 2012 , Valentini et al., 2010 .
One measure of cognitive performance which has yielded inconsistent results is working memory performance, which has been primarily assessed using the N-back task. Three studies have reported decreases in reaction time (Koivisto et al., 2000 , Regel et al., 2007a , Regel et al., 2007b and one study reported an improvement in accuracy (Regel et al., 2007b) .
The majority of studies using this task, however, have not found any effects of PM RF exposure on performance (Haarala et al., 2003 , Haarala et al., 2004 , Haarala et al., 2007 , Krause et al., 2007 , Leung et al., 2011 .
The difficulty in establishing a firm conclusion as to whether PM RF influences cognitive performance may be attributed to a number of methodological constraints. For example, the variation in methods between research groups makes it difficult to compare or verify previous results, while poor exposure protocols and experimental designs, inadequate sample sizes and a lack of reliable cognitive performance measures have limited the potential for finding an effect (Regel and Achermann, 2011) . Several other issues may have also contributed to the mixed findings. For instance individual differences in cognitive performance have not been adequately accounted for in previous studies. It is also possible that the N-back task is not sensitive enough to adequately detect changes in cognitive performance as a result of PM RF exposure (Regel and Achermann, 2011) as it has been shown that this task can be significantly influenced by learning effects (Regel et al., 2007a , Regel et al., 2007b , Haarala et al., 2004 , Haarala et al., 2005 .,. Furthermore, as the only known interaction between RF exposure and the body is via heating (Adair and Black, 2003) , thermally induced variability may have also influenced the results. In addition, the localised, intermittent exposure protocols utilised by some research groups may not have been sufficiently powerful to produce an effect (Boutry et al., 2008) . These factors have the potential to introduce large amounts of error variance, which may have masked any potential real effects.
In order to overcome these issues, the present study has been designed with several methodological improvements to examine whether exposure to PM RF influences cognitive performance in a dose dependent manner. In particular, a visual discrimination task and a modified Sternberg working memory task (Sternberg, 1966) were employed, both of which were calibrated to individual performance levels in a preliminary testing session. The study also utilised a planar patch antenna system to ensure that there was a consistent, uniform exposure across the target hemisphere. Thermally induced variability was reduced by clamping skin temperature to a thermo-neutral level. In addition to these improvements, the cognitive performance data was treated using an index of the participants' response sensitivity and bias, as adapted from signal detection theory (Stanislaw and Todorov, 1999) .
This treatment takes into account how well a participant can discriminate between trials (sensitivity) and the participant's general tendency to respond with a 'yes' or 'no' button press (bias), giving a better indication of task accuracy and minimising Type I and Type II error. Further to the double-blind, counterbalanced, Sham controlled design, these improvements were implemented to increase sensitivity, and thus, the possibility of finding potential effects. The results of the present study are part of a larger study investigating the effect of PM RF exposure on the electroencephalogram and thermoregulatory processes.
Materials and Methods

Participants
Forty three participants were recruited through advertisements and word of mouth. Seven participants failed to attend all testing sessions, leaving thirty six participants (half male) aged 18 -52 years (M = 24.44; SD = 6.27). To be included in the study, participants were required to be between 18 and 55 years of age, be right handed and report being of good health.
Participants were excluded from the study if they reported having a current illness or medical condition, or having used illicit substances within the 7 day period prior to the study. Suitable participants were required to attend the Illawarra Health and Medical Research Institute, University of Wollongong, for four mutually convenient testing sessions, at the same time of day and separated by a period of at least 7 days. The study was approved by the Human Research Ethics Committee (University of Wollongong: HE13/146), and written, informed consent was obtained from all participants. All participants were instructed to abstain from alcohol for at least 8 hours before the commencement of a testing session, abstain from caffeine for at least 1 hour before a testing session, and to not use their mobile phone for at least 2 hours before the beginning of a testing session. All participants were compensated a total of $200 for their involvement in the study.
Radiofrequency exposure
An sXh920 planar exposure system (IT'IS Foundation, Zurich, Switzerland) was used to generate a 920 MHz GSM-like signal (as emitted by a mobile phone handset in active mode while transmitting voice). The signal included the basic GSM frequency components (8.33, 216.6, 1733 Hz, including corresponding harmonics; crest factor = 8.3). Two RF antennas placed on wooden pillars were positioned 42 mm vertically above the ear canal at a distance of 115 mm from the head (Huber et al., 2002 , Huber et al., 2005 , Loughran et al., 2013 . The RF exposure of the sXh920 system has been fully characterised and was calibrated to provide a peak-spatial SAR averaged over 10g of 0 W/kg, 1 W/kg and 2 W/kg, for the Sham, Low and High exposure conditions respectively (for full dosimetric data see Murbach et al. (2012) ). These exposures were within the Australian general public RF exposure limits (ARPANSA RPS3). The system was controlled electronically using defined participant numbers. The fully randomised and counterbalanced exposure conditions were assigned to each participant and preprogrammed by a researcher not involved in the collection of data (RC) to ensure that double blinding was maintained. An inbuilt failsafe mechanism ensured RF levels did not exceed RPS3 levels. Only the left hemisphere was exposed to RF, and brown noise was used to mask any sounds made by the exposure system in order to ensure that participants were not aware of the exposure condition. At the completion of each experimental testing session, participants were asked whether they were aware of the exposure status and the side of exposure via a pen and paper Likert scale (1 = 'left', 2 = 'right', 3 = 'both', 4 = 'no', 5 = 'don't know') and an open ended question asking for further details about their ability to perceive the exposure ('If yes, how did you perceive the field?').
Design
A double blind, counterbalanced, cross-over design was employed. Following a preliminary calibration session, each participant's cognitive performance was tested under three conditions (Sham, Low and High RF) during exposure (block 1) and following exposure (block 2) over three separate sessions separated by at least seven days. RF exposure was emitted to the left hemisphere only, and participants were not made aware of which antenna was emitting. Order of exposure was counterbalanced across participants and randomly assigned.
Cognitive Performance Tasks
Two tasks were used to assess cognitive performance. These tasks were calibrated to each participant's individual level of performance in a preliminary testing session and sufficiently long practice blocks were utilised prior to each experimental session to reduce learning, floor and ceiling effects. Behavioural outcomes were measured as the number of correct hits, correct rejections, false alarms and false rejections, as well as participant's reaction time (RT) to correct responses.
Visual discrimination task. Visual perception was assessed using a visual discrimination task. A series of crossed white lines were presented in the centre of a computer monitor with a black background for 200ms each. Between each stimulus presentation, a mask appeared for 500ms, followed by a blank screen for 300ms. Figure 1 presents an example of the stimuli and mask used in the visual discrimination task.
[Insert Figure 1 here]
For each stimulus presentation, participants were asked to respond as quickly and accurately as possible via a 'yes' button press with the right thumb if they thought that the lines differed in thickness (target stimulus), or not to respond if they thought that the lines did not differ in thickness (non-target stimulus). A total of 180 stimuli were presented (half targets). The frequency and presentation of the target stimuli were pseudo-randomised across trials and balanced between blocks.
Task difficulty was manipulated by increasing the magnitude of thickness between the two lines in target stimuli. The greater the difference between the two lines, the easier the trial. In target stimuli, one line was kept at a constant thickness of 1.5 mm while the second line was manipulated in increments of 0.05 mm. In non-target stimuli, both lines were kept constant at 1.5 mm.
Sternberg working memory task. Working memory performance was assessed using a modified Sternberg working memory task (Sternberg, 1966) . The task involved memorising a stimulus set, maintaining that stimulus set in memory during a 3 second retention period, and recalling whether a subsequent probe stimulus was in the original memory set. The memory sets ranged in difficulty level from 6 to 15 letters. For each trial, participants were asked to respond as quickly and accurately as possible with a button press using the right thumb if the probe consonant appeared in the preceding memory set (target), or to not respond if the probe consonant was not presented in the memory set (non-target). Maximum response time was set at 2 seconds. 40 memory sets were presented (half targets). The frequency and presentation of the probe stimuli were pseudo-randomised across trials and balanced between blocks. The position of the target probe stimuli in the memory set was also pseudo-randomised across trials.
[Insert Figure 2 here]
Cognitive Task Calibration. For each participant, the cognitive tasks were calibrated during a preliminary testing session, to ensure that the tasks were at a level which was difficult, yet still achievable. In the visual discrimination task, the level of difficulty was defined as the two most difficult line manipulations that resulted in a response sensitivity score of 0.8 and 0.6, corresponding to the easy and difficult versions of the task respectively. In the Sternberg working memory task, this level was defined as the most difficult stimulus set that resulted in a response sensitivity value of 0.8. To attain this value, participants completed four blocks. A five minute break separated each of the calibration blocks. In all blocks, the visual discrimination task preceded the Sternberg working memory task. During the calibration session, participants were not exposed to RF and no physiological data was recorded.
EEG and thermo-physiological apparatus
A water perfusion garment (Grant Instruments Ltd., Cambridge, U.K.) was used to clamp body skin temperature to 34 °C to produce a thermo-neutral environment. The water perfusion suit was made of cotton and enclosed a series of pipes which distributed water across the skin at a rate of 2.5L/min at a temperature of 34 °C. The garment covered the torso, arms, waist and legs. Water temperature was controlled using a digital thermostat (Type: GD120, Grant Instruments Ltd., Cambridge, U.K.) which could heat or cool water accordingly to 34 °C ± .02°C. A range of physiological measures, including core body temperature, skin temperature, blood pressure, resting EEG and cutaneous blood flow to the left hand were also acquired. These measures are beyond the scope of this paper and will not be discussed.
Procedure
Participants arrived at the laboratory at either 09:00 or 13:00, with the start time for all experimental sessions kept constant within-subjects to minimise circadian effects.
Participants then completed a 16-item visual analogue mood scale (VAMS) and a series of short questionnaires asking about sleep, caffeine and alcohol consumption and mobile phone usage before being fitted with the water perfusion suit, EEG and physiological recording apparatus.
Participants were then seated inside a Faraday cage in front of a Dell U2311H LCD monitor between the two RF antennas and the water perfusion suit was switched on. Participants were positioned such that their eyes were approximately 90 cm from and at the same height as the centre of the computer screen. The plane of the monitor was perpendicular to both the floor and the sagittal plane of the participants. Participants then completed a practice version of the visual discrimination and modified Sternberg working memory tasks (2.5 mins each).
Once setup was complete, participants completed a 16 min 'Baseline' block, during which they were not exposed to RF. During this block participants completed an EOG correction task and resting EEG and physiological data were also recorded.
The Baseline block was followed by two 30 min experimental blocks, the first block being 'RF ON' (Sham, Low or High RF depending on counterbalancing) and the second 'RF OFF'(post-exposure), with a 1 min break between each block. At the beginning of the experimental blocks, resting EEG and physiological measures were recorded. Subsequent to this, participants completed the cognitive battery; consisting of a 6 min visual discrimination task (easy and difficult consecutively) and a 9 min Sternberg working memory task, with a 1 min break between tasks. Following the cognitive tasks, EEG and physiological data were again recorded.
At the completion of testing, all monitoring equipment was disconnected and the participant completed a 16 item VAMS and an exposure condition questionnaire. This procedure was repeated for the remaining testing sessions.
Data analyses
Behavioural measures were defined as mean reaction time to correctly identified target probes ('RT') recorded in ms, as well as the number of correct hits, correct rejections, false alarms and false rejections 100-900 ms post stimulus in the visual discrimination task and 100-2000 ms post probe stimulus in the Sternberg working memory task. Response sensitivity (Grier's A') and response bias (Grier's B") were used to assess task accuracy. All data points were converted to z scores for analysis.
Where a participant performed at below 55% accuracy in the visual discrimination task or 50% accuracy in the Sternberg working memory task, data points were interpolated in order to preserve counterbalancing. This criterion affected 1 participant (3 blocks) in the difficult version of the visual discrimination task, and 6 participants (12 blocks) in the Sternberg working memory task.
Data points were missing for a further 2 participants (2 blocks for 1 participant, 1 block for 1 participant) in the visual discrimination task due to the incorrect difficulty level being administered. The missing data points were interpolated in order to preserve counterbalancing.
Statistical analyses were performed with SPSS statistical package 21.0. Paired samples t tests were performed to assess the effect of exposure on RT, response sensitivity and response bias overall (comparing the 0 W/kg condition against the average of the 1 W/kg and 2 W/kg conditions) and whether these effects depended on the dose of exposure (comparing the 1 W/kg condition against the 2 W/kg condition). Exploratory paired samples t tests were also conducted on non-interpolated data. To correct normality, square root transformations were computed for the response sensitivity data in the easy version of the visual discrimination task.
Results
RF Status
Overall, there was a greater tendency for participants to rate the exposure as being off (50.93%) or unsure as to whether it was on or off (37.05%) than on (12.03%). The participants were unable to detect the RF status better than chance with 18.52% correctly identified trials. No participant was able to correctly identify all 3 exposure conditions.
Cognitive Tasks
The mean RTs and standard deviations for each cognitive task and the significance of each paired samples t test are presented in Table I . As shown in Figure 3 , there was significant decrease in RT during the exposure conditions compared to Sham, t (35) = 2.070, p = .046, r 2 = .109. This effect, however, was not significant using non-interpolated data (p = .052). No other RT effects were detected in either the visual discrimination tasks or the Sternberg working memory task when comparing Sham against the exposure conditions or the Low against the High RF condition, either during or following exposure.
The mean response sensitivity and standard deviations for each cognitive task and the significance of each paired samples t test are presented in Table II . There were no significant differences in response sensitivity when comparing Sham against the exposure conditions or the Low against the High RF condition, either during or following exposure.
The mean response bias and standard deviations for each cognitive task and the significance of each paired samples t test are presented in Table III . There were no significant differences in response bias when comparing Sham against the exposure conditions or the Low against the High RF condition, either during or following exposure.
[Insert Tables I , Table II, Table III 
Discussion
The results of the present study indicate that exposure to PM RF influences cognitive performance in the Sternberg working memory task. Specifically, a significant decrease in RT was revealed during the active exposure conditions compared to Sham. This suggests that exposure to PM RF may have a positive influence on cognitive performance. This effect, however, was not found to be dose dependent. While the exploratory analysis revealed that this effect was not significant using the non-interpolated data, the interpolation was used to preserve the sample size and counterbalancing. Therefore, because the non-interpolated data set contained fewer participants, the significance of this effect was expected to be reduced in the non-interpolated dataset.
While the present study's findings are consistent with early reports that exposure to PM RF affects working memory performance (Koivisto et al., 2000 , Regel et al., 2007a , Regel et al., 2007b , the majority of the literature has not found such an influence (Haarala et al., 2003 , Haarala et al., 2004 , Haarala et al., 2007 , Krause et al., 2007 , Leung et al., 2011 ). Although we cannot be conclusive, a number of reasons related to the methodological improvements employed by this study may explain the results.
The working memory task used in the present study differs markedly from the N-back task, which is the task that has been typically utilised in provocation studies assessing the effect of PM RF exposure on working memory performance. It seems that the N-back task was used primarily because of its perceived face validity and (in latter studies) as a means to replicate previously reported effects. The problem, however, is that the N-back task is limited in its ability to control for individual differences in working memory performance, as well as learning, floor and ceiling effects. These confounds have the potential to add large amounts of noise to the data, thereby masking potentially real effects. The Sternberg working memory task overcomes these confounds by utilising a greater number of difficulty levels to calibrate the task to each individual's cognitive ability. This calibration, alongside sufficiently long practice blocks prior to each experimental session, increases sensitivity and thus the ability to detect any potential effect of PM RF exposure on working memory performance.
To date, only one other study has accounted for individual differences in working memory performance by tailoring cognitive task difficulty to participants' individual ability. After calibrating the N-back task to a level which was 'difficult, but achievable for each participant, ' Leung et al. (2011) did not find any difference in accuracy or RT during PM RF exposure compared to Sham. However, in a 3G (W-CDMA) condition, Leung et al. (2011) found a significant decrease in accuracy in an adolescent group compared to Sham. The present study was able to control for a greater amount of variation in individual differences in performance, and thus remove the noise which may have masked any effects.
As the only known mechanism of interaction between RF and the human body is thermal (Adair and Black, 2003) , it is possible that whole body thermoregulatory processes play an important role in mediating the changes in the brain's electrical activity and any potentially associated functional effects resulting from exposure to PM RF. To reduce thermally induced variability, the present study clamped skin temperature to a thermo-neutral state. As this is the first study to attempt to reduce the influence of this potential confound, this should be further explored in future studies.
Variation in exposure setups and SAR profiles and a lack of detailed dosimetric data has made it difficult to compare and replicate previously reported effects (Boutry et al., 2008, Regel and Achermann, 2011) . While it is possible that certain brain regions need to be adequately exposed to PM RF to produce an effect, it should be noted that because the SAR distribution produced by the present planar exposure system is more homogenous than mobile phone hand-set exposure, this present exposure differs significantly to the more localised exposure produced by a typical mobile phone. Therefore, the results of this study can only reflect whether RF related bioeffects can occur at the maximum exposure level anywhere within the exposed hemisphere (Loughran et al., 2008) . Thus, the present study cannot definitively comment on whether cognitive performance is influenced by PM RF emitted by mobile phones, nor can it comment on the effect of long term exposure or the effect of exposure on different age groups within the population. Indeed, the World Health Organisation has identified research investigating acute effects of PM RF exposure on cognition and EEG with children as a priority. While some studies have not found effects of PM RF exposure on cognitive performance in children and adolescents (Preece et al., 2005 , Haarala et al., 2005 , Leung et al., 2011 , the methodology used in the present study may prove to be more sensitive, and should be considered in future research with children.
A number of factors may have limited this study. First, while the statistical analysis controlled for comparison-wise error by restricting the planned contrasts to degrees of freedom error (without multiple comparison adjustment) (Tabachnick and Fidell, 2013) ,this method does not control for experiment-wise error. Second, it is possible that the exposure levels were affected by the EEG electrodes. However, the potential for this to occur has been explored in great detail and is unlikely to have influenced the results. Generally, EEG electrode leads have been found to produce a shielding effect, reducing the SAR in head regions close to the antenna and also where the maximum value is obtained. The reduction in SAR tends to be less than 20% (Murbach et al., 2014 , Hamblin et al., 2007 . These findings indicate that electrode configurations do not act like an antenna, and therefore do not enhance SAR. Furthermore, as the reductions have been found to be less than 20%, electrode configurations are also not thought to greatly attenuate SAR to the point where results are influenced (Murbach et al., 2014 , Hamblin et al., 2007 .
Whether small variations in performance on cognitive tasks as a result of exposure to PM RF constitute any meaningful effects in real life situations remains a valid question. In a critical review of this field, Regel and Achermann (2011) hypothesize that if such elementary motor reactions are influenced by exposure to PM RF, effects on higher cognitive functions may be even stronger. It is also possible, however, that the significant cognitive performance effects found in some RF-EMF provocation studies have occurred unpredictably and independent of task type (Regel and Achermann, 2011) . This may explain why the significant differences found in the present study only occurred in one cognitive task on one variable. But while the results of the present study indicate that there is a slight change in performance, it is important that the methodology implemented in this study is replicated before determining whether such an effect is meaningful.
In conclusion, the present study has shown that PM RF exposure influences cognitive performance in a working memory task. While the majority of the literature has not found an effect of PM RF exposure on cognitive performance, it is possible that the methodological improvements employed in the present study increased sensitivity, and thus the ability to detect potential effects. However, as this is the first PM RF provocation study to implement these improvements, replication is required in order to determine whether these effects represent more than chance findings. 
